Abstract: Quantification of recharge is a fundamental issue in evaluation and management of karst water resources. Recharge coefficient (RC), which is the ratio of aquifer recharged water (VR) to the total precipitation, has been widely used for recharge estimation in karst catchments. Though the RC definition is straightforward, in practice, its application on a fixed short time scale (e.g., monthly or annual) is challenging, because of the problems in determination of change in groundwater storage (DVS) that is included in VR. Some researchers have neglected DVS, estimated VR as equal to the net aquifer outflows; hence they have over-or under-estimated the RC, ignoring the aquifer's antecedent storage condition. In this study, a new method is proposed to estimate the actual event VR, and consequently, the event-based RC, utilizing the MRC displacement method of Kavousi and Raeisi (2015) . Applying the method, VR due to a specific event or a combination of events during a hydrological year can be directly estimated by decomposition of the observed hydrograph to the individual hydrographs induced by different events. The method is applicable for karst aquifers with no-flow boundaries, draining by a spring. The calculated event VR takes DVS into account, enabling an accurate event-based RC estimation. The method was applied to the Sheshpeer karst aquifer in Iran. The estimated RCs reasonably matched up to the catchment properties and former field studies. Results showed that the annual RCs would be underestimated if the DVS was neglected, because DVS was positive during the study period.
INTRODUCTION
Recharge to karst aquifers has been widely estimated using the ratio of aquifer recharged water (VR) to the total precipitation (VP) over the catchment during a specific time interval, the so-called effective infiltration coefficient, EIC (Drogue, 1971; Soulios, 1984; Bonnaci, 2001) :
Infiltration is the term used to describe the process by which water moves downward through soils and rocks (e.g., Horton, 1933) . Some portion of the infiltrated water is retained as soil moisture, which may also be evapotraspirated later, not reaching the saturated zone. Therefore, the recharge amount can be a fraction of the total infiltration amount. Consequently, the term recharge coefficient, RC, is preferred here instead of EIC.
Aquifer recharged water VR is the fraction of total precipitation VP that reached and would be eventually discharged from the aquifer. Both VR and VP are expressed in L 3 or just L averaged over the catchment; thus RC is a dimensionless coefficient, theoretically ranging from 0 (when VR ¼ 0) to 1 (when VR ¼ VP). On a global scale, the reported RCs for karst aquifers cover the whole range, even approaching the two end members (see for example Ashjari and Raeisi, 2006; Allocca et al., 2014; Fiorillo et al., 2015; Martos-Rosillo et al., 2015) . RC simply represents the percentage of total precipitation that reached the phreatic zone, reflecting the combined effects of all rechargeprohibiting processes such as water loss through surface runoff or evapotranspiration. The ability to estimate RC permits transfer of hydrological information from catchments with adequate hydrological and meteorological measurements to those with insufficient (Ford and Williams, 2007) .
Given the catchment area and the spatial variation of precipitation, one can calculate the VP over the catchment during a fixed time interval of a year or a month, but estimation of VR is not so straightforward. The simplest method to estimate VR for a karst catchment with no-flow boundaries, where all recharged water is emerging from a spring, is to consider VR as equal to the net spring outflow (V Sp ) during the time interval of VP estimation (see Bonnaci, 2001 ). Subsequently, Equation (1) is rewritten as:
However, estimation of VR by V Sp is not accurate, because some portion of V Sp during the RC calculation interval is, in fact, released from the groundwater storage and might have had residence times of years or even decades, and some portion of recharge water during the time interval may also remain stored in the aquifer to feed the spring afterward, so V Sp is related to the aquifer's antecedent or subsequent storage condition, such that precipitation events of equal characteristic intensity would not always result in equal V Sp 's; V Sp relevant to a precipitation of 100 mm over a karst catchment would be different if the antecedent spring discharge level was 1 m 3 s
À1
or 10 m 3 s À1 . For the aquifer boundary condition mentioned for the Equation (2), VR, and consequently RC, can be more accurately estimated by setting VR as equal to V Sp plus change in groundwater storage (DVS) during the calculation time interval (see Soulios, 1984) :
DVS can be positive (storage replenishing) or negative (storage depleting). Equation (3) gives the exact value of RC for the aforementioned aquifer boundary condition, although it suffers from the problem of DVS estimation in karst. The widely used water table fluctuation method for DVS estimation in unconfined aquifers requires specific yield and water level data at catchment scale (e.g. Rasmussen and Andreasen, 1959; Maréchal et al., 2006; Dewandel et al., 2010) , which cannot be reliably determined for karst and hard rock aquifers (Healy and Cook, 2002; Raeisi, 2008) .
Equation (3) is only valid for an aquifer with no-flow boundaries where the only discharge point is a spring. The more general form of RC equation, considering multiple springs and wells, as well as multiple subsurface inflows and outflows, is (modified from Allocca et al., 2014) :
where, P V Sp , P V W and P V Out are the net discharged water through springs, production wells, and groundwater outflows, respectively; and P V In is the net groundwater inflows. Equation (4) is the general equation for RC estimation, but it has never been used considering all its parameters. Equation (4) is shortened to Equation (3) when only one spring discharges the aquifer and P V In and P V Out are negligible in comparison to V Sp , DVS, and VP. However, Equation (3) has not been commonly used either, because of the aforementioned problems in DVS estimations for karst aquifers. In practice, Equation (3) is further reduced to Equation (2), assuming large time scales of decades or several years for RC calculation, such that the change in groundwater storage became negligible in comparison to V Sp and VP. In this way, mean annual RC (RCȲ) is calculated (see Soulios, 1984) .
RCȲ just provides a rough estimation of the mean annually recharged water to an aquifer on a long-term scale and is not of practical use for groundwater management. Instead, determination of RC during a hydrological year, RC Y , or even a shorter time scale (monthly RC M or daily RC D ) is of interest for practical applications (see Bonacci, 2001; Bonacci et al., 2006; Denić-Jukić, 2004, 2009; Jemcov and Petric, 2009; Fiorillo et al., 2015) . However, at a short time scale of a year (or a month), the amount of change in groundwater storage is likely not negligible in comparison to the rest of the parameters in the RC calculation. Consequently, RC might be overestimated or underestimated by Equation (2) by neglecting DVS when DVS is notably negative or positive, respectively.
Bonnaci (2001) estimated the RC M for Gradole aquifer in Dinaric karst, during 1987 to 1998. Using Equation (2), RC M of greater than 1 or even infinite was calculated for 24.3% of the cases with little or no precipitation during the month; moreover, it was believed, doubtfully, that the RC July was higher than the RC June . Consequently, Bonacci (2001) modified the RC M calculation by changing the V Sp definition in the Equation (2). He extrapolated the recession curves during each month to the following three months using a master recession curve, MRC, of Maillet's (1905) simple exponential function. Then, V Sp of a month was calculated as the area bounded between two successive extrapolated MRCs, up to the following three months (see Bonacci, 2001 ). This way, the effect of change in groundwater storage was partly covered, and some more reasonable RC M could have been estimated. Nevertheless, Bonacci (2001) calculated the RC Y using Equation (2), without any further modification to V Sp , in order to consider DVS. The reported RC Y s covered a wide range of 0.356 to 0.763.
In surface-water hydrology, MRC extrapolations are also used for groundwater recharge estimation for stream catchments. The method, so-called MRC displacement (Rorabaugh, 1964) , is based on the theory of upward shifting in the streamflow recession curve as a result of recharge events (Rutledge, 1998) . The procedure of the method can be summarized as follows. First, a recession curve before and after a streamflow peak is selected and extrapolated to the following time according to the stream's simple exponential MRC. Then a critical time after the peak is calculated, by which the runoff is assumed to have ceased. Finally, groundwater recharge volume is estimated as two times the area bounded between successive MRCs after the critical time (see Rorabaugh, 1964; Rutledge, 1998 for formulas and detailed explanations). Bonacci (2001) used the simple exponential MRCs in his work that are also widely used in surface-water hydrology. The simple exponential function, known as Maillet's formula, was derived for recession curves by approximate solution of the diffusion equation in porous media (see Maillet, 1905) . The formula expresses drainage from a linear reservoir and is usually used to describe the baseflow part of karst spring recession curves, but it commonly fails to match up the entire curves from high to low flow. Semi-log plots of recession curves, log discharge versus time, for many karst springs exhibit two or more linear segments with decreasing order of slopes (e.g. Torbarov, 1976; Milanović, 1976; White, 1988; Baedke and Krothe, 2001; Ford and Williams, 2007) , suggesting piecewise exponential functions for the fitting. Segmentation of recession curves has been linked up with changes in flow regimes (Milanović, 1976; Baedke and Krothe, 2001, Doctor and Alexander, 2005; Doctor, 2008) , catchment area, and effective porosity of the declining saturated zone (Bonacci, 1993; Fiorillo, 2011) . MRC is here considered as a piecewise-exponential function, namely the segmented exponential MRC (Kavousi and Raeisi, 2015) composed of n segments ending at times t i ¼ 1 to n with n recession coefficients a i ¼ 1 to n, and base discharges Q 0(i) ¼ 1 to n, that is, exponential segment discharges at time t ¼ 0 for each segment. 
Equation (5) implies that the MRC is represented with n straight lines (usually two or three) with slopes of -a i ¼ 1 to n on a semi-log scale (see Figure 1a for a simple example).
In this study, a novel method is proposed to estimate RC E for an isolated precipitation event that induced a distinctive hydrograph rise and recession. The method is based on the hydrograph decomposition using segmented exponential MRCs (Kavousi and Raeisi, 2015) and is capable of accurate RC E estimation for a karst aquifer with no-flow boundaries, draining by a single spring. The only required data are the spring's long-term discharge and the spatiotemporal distribution of precipitation over the catchment.
EVENT-BASED RC E ESTIMATION METHOD
Recharge water from a precipitation event is stored within an unconfined karst aquifer, gradually discharging via the spring, throughout a long period during and after the event. Strictly speaking, each effective precipitation event induces a prolonged individual spring hydrograph, and the individual hydrographs overlap to make the observed spring hydrograph. Thus the observed hydrograph is regarded here as a composite hydrograph that is a combination of several consecutive individual hydrographs induced by numerous previous precipitation events.
The volume of water discharged as an individual hydrograph is, in fact, the water volume of the relevant event that entered the aquifer to be eventually discharged from the spring. Therefore, decomposition of an observed composite hydrograph to its individuals will give the recharge water volume of the individual events. Decomposition of observed composite hydrograph is here performed using the MRC displacement method of Kavousi and Raeisi (2015) , applying the following steps:
1. The long-term composite hydrograph is measured. 2. The segmented exponential MRC of the spring is constructed using all prior recorded recessions, from high-to low-flows (see Figure 1a) . . Recharged water volume (VR E ) for the second event is indicated with hatched areas. VR1 E (red hatched area) is discharged during the observed part of second individual hydrograph, but VR2 E (blue hatched area) is stored in the aquifer and discharged afterward, theoretically until infinite time.
Parameters for the second event are specified in blue in both (a) and (b). Note that the vertical axis in both graphs is logarithmic, so that the observed hydrograph and MRCs are represented as straight lines; the base of the vertical axes is not zero.
3. The observed composite hydrograph is decomposed to its individuals by extrapolation of recession curves, by means of the MRC. For this reason, the MRC is horizontally displaced at the end of composite hydrograph recessions (see Kavousi and Raeisi, 2015) . Figure 1b shows a hypothetical composite hydrograph that is decomposed to its individuals corresponding to different precipitation events, using the segmented exponential MRC presented as Figure 1a . 4. The event's recharged water volume VR E is the area bounded by the relevant individual hydrograph, that is calculated by integration, as follows (see Figure 1b) :
where, t and t 0 are the time-scales for the MRC and measured hydrograph; t 0 e0 and t 0 e are the times of rise beginning and recession ending on the observed part of the individual hydrograph, respectively; Q Obs and Q t are the observed discharge and MRC discharge at time t, respectively; t e0 and t e are the MRC-equivalent times for the observed discharges Q e0 (at time t 0 e ) and Q e (at time t 0 e0 ), respectively; and Dt is the time difference between t 0 e and t 0 e0 (or t e and t e0 ). Figure 1 graphically presents VR E and the abovementioned parameters on a schematic hydrograph and MRC.
VR E is the fraction of total precipitation over the catchment that entered the aquifer and is eventually discharged from the spring. Some portion of this water volume was discharged during the observed part of individual hydrograph (VR1 E , the blue hatched area in Figure 1b ), but some extrapolated portion would be gradually discharged later (VR2 E , that is indicated as the red hatched area in Figure 1b) . The two terms of Equation (6) are VR1 E and VR2 E , respectively.
Providing VR E , recharge coefficient of the event (RC E ) can be estimated for an aquifer with no-flow boundaries draining by a permanent spring, Equation (1) becomes
where VP E is the estimated volume of total precipitation over the catchment during the event. The no-flow boundaries may coincide with impermeable layers or groundwater divides. Lots of karst aquifers in the Zagros Mountain Range, and also in other karst regions worldwide, meet the condition. Equation (7) estimates RC E of an isolated precipitation event that induced a single distinct hydrograph rise followed by a peak and a recession. However, RC E for a combination of precipitation events can also be estimated by combining individual hydrographs and precipitation events, treating all of them as a single event, so in case some individual hydrographs or precipitation events are indistinguishable, one would be able to calculate the RC E of the overall collection of events. This is likely to be the case when the precipitation is mostly snow or the time intervals between rainy periods are short. By combining individual hydrographs for precipitation events during a hydrological year, accurate estimation of RC Y would also be possible.
Equation (6) can be rearranged to give
where, V E is the net spring outflow during the measured part of the individual hydrograph, and VS 0E and VS E are the dynamic reservoir volumes (see Burdon and Papakis, 1963; Ford and Williams, 2007, p. 179) at the beginning and end of the measured part of the hydrograph, respectively. VS E and VS0 E can be calculated by the following equations, replacing Q t with the MRC Equation (5):
where, C is the unit conversion factor, equal to 86400 when discharge and recession coefficient units are m 3 Ás À1 and d À1 , respectively.
The second term in the right side of Equation (8) is the difference between VS E and VS0 E , that is the change in groundwater storage due to the event (DVS E ), according to Raeisi (2008) 
DVS E would be positive, if the baseflow discharge level at the beginning of measured part of individual hydrograph is higher at its end, or negative if lower.
Considering Equations (8) and (11), Equation (7) can be written as
Equation (7) is essentially Equation (3) adapted for an event. Thus the proposed method estimates the RC in a short interval of an event RC E , taking change in groundwater storage into account. Ignorance of a positive or negative DVS in an RC E calculation causes under-or over-estimation.
APPLICATION: SHESHPEER KARST AQUIFER, IRAN
To examine the proposed method of RC E estimation, Sheshpeer karst aquifer, located in the Zagros Mountain Range, 80 km northwest of Shiraz, south-central Iran, was used as a case study. The Zagros orogenic belt is comprised of three parallel northeast-southwest trending tectonic subdivisions, the Urumieh-Dokhtar Magmatic Assemblage, the Zagros Imbricate Zone, and the Zagros Fold-Thrust Belt (Alavi, 2007) . Lithostratigraphic units and tectonic settings of these subdivisions are fairly well described by James and Wynd (1965) , Falcon (1974) , Stöcklin and Setudehnia (1971) , and Alavi (1994 Alavi ( , 2007 . The Sheshpeer karst aquifer is situated at the border of the Zagros Fold-Thrust Belt and the Imbricate Zone. Extensive studies, including hydrology (Azizi, 1992; Porhemat, 1993) , hydrogeology (Pezeshkpour, 1991; Karami, 1993; Raeisi et al. 1993 Raeisi et al. , 1999 Eftekhari, 1994; Raeisi and Karami, 1996; Kavousi, 2008; Raeisi, 2008 Raeisi, , 2010 Kavousi and Raeisi, 2015) , geomorphology (Kasaeyan, 1990; Marandi, 1990) , structural geology (Agha-Amiri, 1993), geophysics (Nakhaei, 1992) and remote sensing (Ebadian, 2002) were carried out on the Sheshpeer catchment.
HYDROGEOLOGICAL SETTING
The Sheshpeer aquifer is composed of the calcareous Sarvak Formation (Albian-Turonian) in the northern flank of the Barm-Firooz and Gar anticlines and a portion of the BarmFirooz anticline southern flank Raeisi, 2008; Fig. 2) . The anticlines are extended in the general direction of the Zagros Mountain Range and are connected by a saddle-shaped plunge. The exposed cores of the anticlines are mainly composed of the karstic Sarvak Formation, underlain and overlain by impermeable shale and marl layers of the Kazhdomi (Albian-Cenemonian) and Pabdeh-Gurpi (Santonian-Oligocene) Formations, respectively.
The most important tectonic feature is a major northwestsoutheast trending thrust fault (Fig. 2) . The northern flank of the anticlines has been brought up by tectonic stresses, and the southern flank has been brecciated so that it is either completely removed or crops out as large rockslide blocks. Several normal and strike-slip faults are also present. The overall tectonic setting of the area has produced suitable conditions for extensive karstification (Raeisi and Karami, 1996, 1997; Raeisi, 2010) .
The karst features of the study area are grikes, karrens, small caves, sinkholes, and springs. The most important karst feature is the presence of 259 sinkholes in the Gar and BarmFirooz Mountains, aligned in a narrow zone on top of the northern flanks from the northern end of the catchment to near of the Sheshpeer Spring (Fig. 2) . The sinkholes are primarily of the collapse-doline type and evidently aligned along the strike direction of longitudinal faults. The biggest cave in the catchment has a length of 20 m and is located along a fracture (Raeisi, 2010) . Out of twelve springs emerging from the Sarvak Formation in the Gar and Barm-Firooz anticlines, only Sheshpeer Spring, with a mean annual discharge of 3247 L s À1 , is located on the northern flanks (Fig. 2) . Berghan Spring is the largest spring in the southern flanks and has a mean annual discharge of 632 L s À1 . The mean annual discharges for the rest of the springs range from 1.41 to 68.34 L s À1 (Raeisi and Karami, 1996) . The outlet level of the Sheshpeer and Berghan Springs are 2335 and 2145 masl, respectively.
All boundaries of the Sheshpeer aquifer are physically noflow, and all recharged water only emerges via the Sheshpeer Spring (Pezeshkpour, 1991) . Groundwater balance indicates a catchment area of about 81 km 2 for the Sheshpeer Spring .The catchment area is in accordance with the area bounded by geological formations, and has a mean ground elevation of 2998 masl. The aquifer boundaries are based on the following observations (Raeisi, 2008) : (1) The northern flank of the Gar and Barm-Firooz anticlines have been brought up by tectonic stresses, such that the aquifers of the northern and southern flanks have been disconnected by the underlying impermeable Khazdumi Formation that crops out in some portions of the anticline core (Fig. 2) . Tracer tests have confirmed this hydrogeological disconnection. (2) The northwest and northeast boundaries of the catchment are surrounded by the impermeable Pabdeh-Gurpi Formations.
Groundwater flow through the Sarvak Formation under these formations is not possible, because karstification is not expected to occur under an 800 m thick layer of the Pabdeh-Gurpi Formations, there are no outcrops of the Sarvak Formation in adjacent parallel anticlines, and tracer tests confirmed the hydrogeological disconnection with the springs of the adjacent anticlines. (3) Sinkholes are only located in the catchment of Sheshpeer Spring, and the uranine tracer injected in a sinkhole 18 km away only emerged from this spring.
HYDROLOGICAL DATA
The hydrograph of the Sheshpeer Spring was measured for almost three hydrological years from 1990À1991 to 1992À1993 (Pezeshkpour, 1991; Karami, 1993; Eftekhari, 1994) . Kavousi and Raeisi (2015) reconstructed ten years of daily discharge data for the spring by means of a multiple time-series regression model (Phillips and Durlauf, 1986) based on the recorded discharge at two hydrometric stations downstream of the spring and also the precipitation at a climatological station. The segmented exponential MRC determined for the spring based on the thirteen-year hydrograph is (Kavousi and Raeisi, 2015) Q t ¼ 
where the units of discharge, recession coefficient, and time are L s À1 , d À1 , and d, respectively.
The climate type of the study area is Mediterranean, characterized by mild, dry summers and cool, wet winters. Precipitation events are normally isolated, occurring during late fall, winter, and early spring. There is no precipitation during the rest of the year. The precipitation in winter is mainly in the form of snow.
To estimate spatial distribution of precipitation over the Sheshpeer catchment, ten precipitation-gauge stations were selected. Stations were selected based on their availability and locations parallel to the northwest-southeast general direction of Zagros Mountain Range and also Mediterranean frontal systems, which are the main source of precipitation in the region (see Sabziparvar et al., 2015) . Figure 3 shows the spatial distribution of the stations on a Triangular Irregular Network map that highlights the topographical features. Preliminary studies indicated that the short-term precipitation timing and amount at stations far in the northeast and southwest of the Sheshpeer catchment, perpendicular to the general direction of Zagros and also Mediterranean frontal systems, are not similar to those of the stations close to the catchment. Therefore, stations far in the northeast and southwest of the Sheshpeer catchment were not considered, since they are not representative for the catchment precipitations. Alijani (2008) proved that the Zagros Mountains block the moist air masses from entering central Iran to the northeast and east.
Shekarak station, which is located on the Barm-Firooz southern flank in the vicinity of the Sheshpeer catchment, was installed by Shiraz University to measure climatological parameters and facilitate water-balance calculations. Although the station is the most representative for the Sheshpeer catchment, it was only active during hydrological year 1991À1992. Precipitation data at the Komehr and Sepidan stations were also not available during 1991 to 1993, and thus, were reconstructed based on the data from adjacent Chubkhale and Berghan stations. The linear correlation coefficients of precipitation amounts for Komehr with Chubkhale and Sepidan with Berghan stations were 0.93 and 0.98, respectively. These are very close to 1, showing the accuracy available for reconstructing the missing data.
RESULTS AND DISCUSSIONS
The proposed method is able to estimate a recharge coefficient RC E for an isolated precipitation event that induced a distinctive hydrograph rise and recession and also for a combination of precipitation events such as RC Y for a hydrological year. For the Sheshpeer catchment, two RC Y and nine RC E can be calculated.
Sheshpeer aquifer has a single spring and all its boundaries are no-flow. Measured spring discharge comprises hydrographs of two hydrological years 1990À1991 and 1991À1992 and some part of the hydrological year 1992À1993. Therefore RC Y can be calculated just for hydrological years 1990À1991 and 1991À1992. But the overall hydrograph can be decomposed to nine individual hydrographs by means of Equation (13), the spring's segmented exponential MRC (see Fig. 4 ). It should be pointed out that the first individual hydrograph of the hydrological year 1992À1993 (92-93-1 in the figure) consisted of some spring discharge with indistinguishable precipitation events; therefore, the overall precipitation during the series of events is treated as the VP E , and the overall minor peaks are treated like a single individual hydrograph in the VR E calculations.
Cumulative precipitation amount corresponding to each individual hydrograph or hydrological year was determined at all gauging stations and was used to estimate the total precipitation over the catchment. Multilinear-regression models were used to estimate the spatial distribution of precipitation over the catchment. The MLR models have previously been used for mountainous regions (e.g., Marquínez et al., 2003; Naoum and Tsanis, 2004; Um et al., 2010) . Cumulative precipitation P and geographical position altitude Z, latitude X, and longitude Y of the stations were used as response and predictor variables, respectively. Different alternative MLR models were examined by stepwise regression to find the statistically most robust model. The best MLR models for the second event of hydrological year 1991À1992, all events of hydrological year 1992À1993, and the long-term period of 1972 to 2012, utilize Z and Y, Z only, and Z and X, respectively, while the best MLR models for the rest are dependent on all three predictors. Table 1 presents the MLR models for the events, the hydrological years, and also the long-term mean from 1972 to 2012. Adjusted R 2 , which is an indicator of explanatory power of models, is above 0.7 for all the MLR models, except for two events in the hydrological year 1992À1993.
Spatial distribution of precipitation over the catchment was calculated with GIS, using the corresponding MLR model and the digital elevation model of the region. The calculated mean precipitations over the catchment, P Mean , are also listed in Table 1 . Figure 5 shows the spatial distribution of mean annual precipitation over the catchment for the long-term period of 1972 to 2012. The minimum, mean, and maximum 
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Journal of Cave and Karst Studies, December 2016 169 precipitation over the catchment for this period of years are 887.6, 1256.3, and 1628.7 mm y À1 , respectively. It should be pointed out that the MLR model of long-term precipitation has not been used for the RC calculations in this study, but is just given to provide a sense of precipitation distribution over the catchment, which is highly dependent on its mountainous landscape. The amount of V Sp , VS, VS0, DVS, VR1, VR2, and VR for the hydrological years and also the nine events were calculated using Equations (6) and (8) to (11) and are shown in Table 2 . The changes in groundwater storage for all the hydrological years and events are positive, except for the third and second events of the hydrological years 1990À1991 and 1991À1992, respectively. VP over the Sheshpeer catchment are also computed by GIS (Table 2) . Finally, RC of the events and hydrological years were estimated using Equations (7) or (12) and are shown in the Table 2 and Figure 6 .
The calculated RC E has a wide range of variation, and the RC E for the last event of each hydrological year is larger than the preceding RC E during the same year. RC 91-92-2 even goes slightly beyond the feasible range to 1.08. RC E for the hydrological year 1992-1993 are also smaller than those of former hydrological years. The fact that the Sheshpeer catchment is mountainous and most of the precipitation is snow is most likely the main reason for this behavior. Porhemat and Raeisi (2001) reported that about 65% of the total precipitations was snow in hydrological year 1991-1992. Field observations show that snowmelt happens on the peak of Gar and Barm-Firooz Mountains even in May-June. Therefore, some portion of snowpack from initial events in a hydrological year could melt and recharge the aquifer during the following events' period. So, according to Equation (7), the RC E is underestimated for early snowfall events, since the VP E is overestimated, as all equivalent water of early snow precipitation does not enter the aquifer during the event. This phenomenon is the main reason for RC E underestimation for early snowfall events, as well as RC E overestimation for the subsequent events. On other hand, the antecedent moisture condition was definitely lower for the initial events of each hydrological year, requiring some precipitation water to compensate for the soil-moisture deficit, which in turn reduces the VR E and RC E for the initial events of each year. Consequently, the calculated RC Y s can be considered as more accurate than RC E s for our case study. Porhemat (1993) directly measured runoff and snow storage and estimated snow melt and sublimation by regionally calibrated equations in three small catchments near the Shekarak station, near the Sheshpeer catchment (see Fig.   Figure 4 . Sheshpeer Spring hydrograph and the corresponding precipitation hyetograph at the Berghan station. Extrapolated master recession curves (dashed lines) are appended at the end of observed recessions, decomposing the measured hydrograph into components. The number of the individual event hydrograph for each hydrological year is indicated; for example, 91-92-2 is the second individual hydrograph during hydrological year 1991À1992; these numbers are used in Table 1 and Figure  6 . Note that the vertical axis for discharge is logarithmic. 3). The average sublimation, runoff, and recharge from snowmelt for the selected catchments during hydrological year 1991-1992 were estimated to be 5.2, 25.3, and 69.5 percent, respectively. Porhemat stressed that in the Sheshpeer catchment, which is covered by 259 sinkholes, the RC could be as high as~95%, so that almost all the snow contributed direct recharge. The estimated RC Y s for the 1990À1991 and 1991À1992 years found in the current study are 88 and 92 percent, respectively, which are very close to the estimated value by Porhemat. The small discrepancy can be caused by several things. The multilinear-regression model we used might have incorrectly estimated the precipitation. The RC Y in the current study accounts for all the processes that prevented precipitation from reaching the saturated zone. Porhemat considered sublimation as the only alternative to recharge in the catchment during snow-melting. Although recharge of the Sheshpeer aquifer is limited to a 5 or 6 month wet season, the catchment is a natural pasture (Raeisi and Karami, 1996) and almost 35% of the karstic Sarvak Formation is covered by soil (Karami, 1993) . Therefore evapotranspiration might account for some water loss, especially during growing season. Spring discharge was measured weekly or even monthly in some periods, especially during baseflow, which might have 
CONCLUSIONS
Knowledge of recharge coefficient RC during a hydrological year or a shorter time scale is of central importance in karst water evaluation and exploitation studies. Determination of the change in groundwater storage DVS is a prerequisite for a reliable estimation of RC on short time scales, especially in case DVS is significant in comparison to the other parameters in the RC equation. A new method is proposed to estimate event-based RCs for a single or a combination of precipitation events with distinctive hydrograph spikes. The basis of the method is decomposition of the measured hydrograph to its individual components by displacement of a segmented exponential master recession curve to the end of recession curves. The method is applicable for karst aquifers with noflow boundaries draining by a permanent spring, where the overflow and underflow components are absent or negligible.
It was proved that the estimated event-based RC considers the event DVS to be central to calculating event-recharged water VR. However, it should be pointed out that the definition of VR in the proposed method is quite different from that in the literature. The proposed method considers VR of an event that discharges for infinite time, not during a fixed time interval. Some portion of the event's recharge is discharged during the event's peak in the measured hydrograph, but some portion, which is extrapolated, remains in the aquifer to supply the spring at later times.
Event and annual RCs for the Sheshpeer karst catchment in Iran were calculated for nine isolated precipitation events and two hydrological years. Since most of the precipitation over the catchment is snow, calculated RCs for hydrological years were more accurate and more in accord with former field studies. It was shown that the annual RCs would be underestimated by over ten percent if the positive DVS during the study period was ignored.
In surface-water hydrology, groundwater recharge is estimated as an event-based process (e.g., Rutledge, 1998) . Karst aquifers may contain well-developed conduit systems that are sometimes regarded as underground rivers (e.g., White and White, 1989) , hence calculation of event-based RC for karst catchments appears to be more reasonable than its calculation for fixed, short time intervals such as months. The latter would be especially unacceptable in arid and semi-arid regions, where the precipitation events are limited to certain periods, although permanent springs are discharging without any interruption.
